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Phase Transition
Guoquan Wang, Shusen Li, Hai-nan Lin, and C. Huang
Department of Biochemistry, Health Sciences Center, University of Virginia, Charlottesville, Virginia 22908 USA
ABSTRACT We have semisynthesized 19 species of mixed-chain phosphatidylethanolamines (PEs) in which the sn-1 acyl
chain is derived from saturated fatty acids with varying chain lengths and the sn-2 acyl chain has different chain lengths but
contains 0, 1, and 2 cis double bond(s). The gel-to-liquid crystalline phase transition temperatures (Tm) of lipid bilayers
prepared from these 19 mixed-chain PEs were determined calorimetrically. When the Tm values are compared with those of
saturated and monounsaturated counterparts, a common Tm profile is observed in the plot of Tm versus the number of cis
double bonds. Specifically, a marked stepwise decrease in Tm is detected as the number of cis double bonds in the sn-2 acyl
chain of the mixed-chain PE is successively increased from 0 to 1 and then to 2. The large Tm-lowering effect of the acyl chain
unsaturation can be attributed to the increase in Gibbs free energy of the gel-state bilayer as a result of weaker lateral
chain-chain interactions. In addition, we have applied molecular mechanics calculations to simulate the molecular structure
of dienoic mixed-chain C(X):C(Y:2An,n"3)PE in the gel-state bilayer, thus enabling the three independent structural parameters
(N, AC, and LS) to be calculated in terms of X, Y, and n, which are intrinsic quantities of C(X):C(Y:2A nn+3)PE. When the Tm
values and the corresponding N and AC values of all dienoic mixed-chain PEs under study are first codified and then analyzed
statistically by multiple regressions, the dependence of Tm on the structural parameters can be described quantitatively by
a simple and general equation. The physical meaning and the usefulness of this simple and general equation are explained.
INTRODUCTION
Phosphatidylcholines (PCs) and phosphatidylethanolamines
(PEs) are quantitatively the most important phospholipid
species found in a wide variety of biological membranes, in
which these zwitterionic phospholipid molecules self-as-
semble into the well-known organized structure called the
lipid bilayer. Because of this, the physicochemical proper-
ties of bilayers composed of PC or PE containing both
saturated or both unsaturated acyl chains have been studied
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Abbreviations used: C(X):C(Y)PE refers to saturated phosphatidylethanol-
amine (PE) having X and Y carbon atoms in the sn- 1 and sn-2 acyl chains,
respectively. C(X):C(Y: An)PE refers to monounsaturated PE. The short-
hand notation C(X) preceding the first colon indicates the total number of
carbon atoms, X, in the sn-I acyl chain, whereas the other, C(Y), succeed-
ing the first colon represents the total number of carbons in the sn-2 acyl
chain. The number 1 succeeding the second colon in the parentheses
indicates that a single cis double bond is present in the sn-2 acyl chain,
whereas A' indicates that the single cis double bond is located at the nth
carbon from the carboxyl end. Similarly, C(X):C(Y:2A ' n+3)PE designates
a mixed-chain PE with a saturated sn-I acyl chain and a dienoic sn-2 acyl
chain in which two methylene-interrupted cis double bonds are at the n and
(n + 3) carbon atoms from the carboxyl end. C(X):C(Y:2w)6)PE designates
the mixed-chain PE in which the sn- 1 acyl chain has X carbon atoms and
the unsaturated sn-2 acyl chain has Y carbon atoms. Furthermore, the
notation 2w6 in the second set of parentheses indicates that there are two
methylene-interrupted cis double bonds, and the cis double bond that is
nearest the methyl end (co) is positioned at the sixth carbon atom counting
from the methyl end of the sn-2 acyl chain.
C 1997 by the Biophysical Society
0006-3495/97/07/283/10 $2.00
exhaustively. In biological membranes, PC and PE are
typically of a mixed acyl chain variety, in which the sn-I
acyl chain is often derived from a saturated fatty acid with
varying chain lengths, whereas the sn-2 acyl chain is usually
an unsaturated fatty acid of different chain lengths contain-
ing a single cis double bond or two to six methylene-
interrupted cis double bonds (Kunau, 1976). In the litera-
ture, however, most elegant studies on mixed-chain
phospholipid bilayers have been concerned primarily with
PC (Barton and Gunstone, 1975; Litman et al., 1991; Her-
nandez-Borrell and Keough, 1993; Niebylski and Salem,
1994). Our current knowledge about the packing structure
and chain melting behavior of mixed-chain PE with sn-I
saturated/sn-2 unsaturated acyl chains remains incomplete.
Recently we began a project of studying the gel-to-liquid
crystalline phase transition behavior of a large number of
homologous series of monounsaturated PC and PE with
sn-I saturated/sn-2 cis monoenoic acyl chains by high-
resolution differential scanning calorimetry (DSC). The cal-
orimetric results were then analyzed using the molecular
structures of these monounsaturated phospholipids obtained
with computer-based molecular mechanics (MM) simula-
tions. The combined approach of DSC and MM simulation
studies provided valuable information relating the structure
and chain melting behavior of monoenoic phospholipids in
the bilayer (Z-q. Wang et al., 1994, 1995; G. Wang et al.,
1995; Huang et al., 1996). For instance, the position of a
single cis double bond (An) in the sn-2 acyl chain can exert
a characteristic influence on the gel-to-liquid crystalline
phase transition temperature (Tm) for bilayers composed of
either monoenoic PC or PE. Specifically, in the plot of Tm
versus An, an inverted bell-shaped Tm profile is observed,
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and the minimum Tm occurs when the single cis double
bond is positioned near the center of the linear segment of
the sn-2 acyl chain. A molecular model for the monoenoic
phospholipid constructed on the basis of experimental and
computational data has been successfully used as a frame-
work to interpret the characteristic dependence of Tm on the
position of A'n for monoenoic phospholipids (G. Wang et al.,
1995).
Now, in an attempt to broaden our understanding of the
structures and packing properties of various naturally oc-
curring phospholipids, we extend our earlier work and focus
our attention in this study on PE molecules with two cis
double bonds in their sn-2 acyl chains. In particular, we
have semisynthesized two mixed-chain PEs with both sat-
urated acyl chains, two species of monoenoic PE with the
cis double bond located in the sn-2 acyl chain, and 15
species of dienoic omega-6 PE with the two methylene-
interrupted cis double bonds located in the sn-2 acyl chain.
The molecular structure of each of these 15 species of
C(X):C(Y:2c6)PE in the gel-state bilayer is uniquely char-
acterized by three independent structural parameters (AC,
LS, and N) obtained with molecular mechanics simulations.
In addition, the gel-to-liquid crystalline phase transition
behavior of the bilayer composed of each of the semisyn-
thesized mixed-chain PE species has been investigated by
high-resolution DSC. When the Tm values of two dienoic
PEs, C(18):C(20:2A'1 "4)PE and C(20):C(18:2A9 12)PE, are
compared with those of their saturated and monounsaturated
counterparts, a marked decrease in Tm for bilayers com-
posed of dienoic PE is detected in each of the two series.
Interestingly, it is also demonstrated in this work that a
delicate balance between the two structural parameters (N
and AC) underlying the molecular species of C(X):C(Y:
2co6)PE in the gel-state bilayer determines the unique Tm
value of each of the 15 lipid species under study. Hence a
simple and general equation is derived that describes the
dependence of Tm for bilayers composed of dienoic w6PE
on the two structural parameters (N and AC).
MATERIALS AND METHODS
Semisynthesis of phosphatidylethanolamines
In this study, 19 molecular species of PE were semisynthesized. Two of
them, C(18):C(20)PE and C(20):C(18)PE, were a pair of positional iso-
mers, belonging to the class of saturated mixed-chain PEs. A second pair
was monoenoic PE: C(18):C(20:lA")PE and C(20):C(18:1A9)PE. The rest
was a class of omega-6 PEs with sn-I saturated/sn-2 diunsaturated acyl
chains, C(X):C(Y:2w6)PE, which includes three series of a total of 15 lipid
species as follows: C(X):C(18:2A9"2)PE, C(X):C(20:2A' "'4)PE, and C(X):
C(22:2A'3"16)PE, where X = 16, 18, 20, 22, and 24, indicating the total
number of carbons in the sn-I acyl chain. Initially, 19 molecular species of
the corresponding PC were semisynthesized and purified by established
procedures (Lin et al., 1990), with a modified condition that all procedures
were carried out as far as possible in an 02-free, N2 atmosphere to
minimize autoxidation. This precaution was also taken for the rest of the
PE synthesis. The purified PCs (purity greater than 98%) were then
converted to PEs by transphosphatidylation with phospholipase D in the
presence of excess amounts of ethanolamine hydrochloride, at pH 5.6,
according to the procedure of Comfurius and Zwall (1977) as previously
published (Xu et al., 1988). However, in the case of C(18):C(20)PC and
C(20):C(18)PC, which have high phase transition temperatures, the
transphosphatidylation was carried out in the presence of sodium dodecyl
sulfate to ensure the complete conversion of PC to PE by phospholipase D
(Mason and Stephenson, 1990). The products were purified and separated
by silica gel column chromatography, with which a mixture of CHCl3/
CH3OH/5%NH4OH (175:35:4, v/v/v) was used to elute the lipids off the
column. The purity of PE in the fractionated eluate was examined by
thin-layer chromatography in CHCl3/CH30H/5% NH40H (65/30/5, v/v/v).
Only a single spot was observed for each of the PEs synthesized, after -1
,umol per sample was loaded on the thin-layer plate. Possible oxidation of
the unsaturated fatty acyl chain in all synthesized phosphatidylethano-
lamines was checked spectroscopically at 234 nm (MacGee, 1959; Klein,
1970), and results indicate that most synthesized PE has only -1.5-2.5%
oxidized.
All fatty acids used as the starting materials for phospholipid semisyn-
thesis were supplied by Nu Chek Prep (Elysian, MN) or Sigma Chemical
Co. (St. Louis, MO). The other starting materials, lysophosphatidylcho-
lines, were purchased from Avanti Polar Lipids (Alabaster, AL). Phospho-
lipase D, type I from cabbage, was obtained from Sigma. All reagents and
organic solvents were of reagent and spectroscopic grades, respectively.
Molecular mechanics simulations
The computer station used was either an IBM RS/6000 or a Silicon
Graphics/Indigo2. The software for MM calculations was Allinger' s
MM3(92) force field supplied by Quantum Chemistry Program Exchange
at the Chemistry Department, Indiana University. The output of MM
calculations obtained with Allinger's MM3 program was entered into
either HyperChem 4.5 or HyperChem 4.0 software (Hyper Cube, Waterloo,
Canada) for molecular graphics visualizations on a Silicon Graphics/
Indigo2 or Pentium P5-200 platform. Details of the procedure of obtaining
the energy-minimized structure and its steric energy for dienoic PE were
identical to those developed in this laboratory for monoenoic PC as
described elsewhere (G. Wang et al., 1995; Li and Huang, 1996; Li et al.,
1996).
High-resolution DSC measurements
The lipid samples were prepared according to established procedures
(Huang et al., 1994). Initially, aqueous buffer solution (50 mM NaCl, 1
mM EDTA, 5 mM phosphate buffer, pH 7.4, and 0.02 mg/ml NaN3) was
added to lyophilized lipid powder to give a total lipid concentration of
3.5-4.5 mM. However, for dienoic lipid-containing buffer, the chelator
EDTA (1 mM) was replaced by diethylenetriaminepentaacetic acid (0.25
mM). The exact lipid concentration was determined by phosphorus anal-
ysis. Before the first DSC scan, each lipid sample was kept in the sample
cell within the calorimeter for 90 min at a temperature -10°C below the
estimated Tm. All DSC experiments were performed using a high-resolu-
tion MC-2 differential scanning microcalorimeter (Microcal, Northampton,
MA). Each lipid sample was scanned at least three times at a scan rate of
15°C/h in the ascending temperature mode. To ascertain that the same
thermal history pertained to all lipid samples, only the Tm value from the
second DSC heating scan was reported in this study. The third DSC heating
scan served as an internal control to check whether the second DSC curve
was reproducible. Details of the procedure for carrying out DSC experi-
ments and for determining the values of the phase transition temperature
(Tm) and enthalpy (AR) were described in our earlier publication (Lin et al.,
1990; Xu et al., 1988).
RESULTS
Molecular mechanics simulation studies
In naturally occurring fatty acids that contain polyunsatu-
rated hydrocarbon chains, the cis double bonds (A) are
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usually methylene-interrupted; namely, two cis bonds are
separated by a methylene unit. Because a cis double bond
can bend an all-trans hydrocarbon chain with a 125.27°
C-C=C angle (Pauling, 1960), one would expect that a long
dienoic hydrocarbon chain with two methylene-interrupted
cis double bonds may exhibit a highly curved semicircular
topology. Recently it has been shown by MM simulations
that a dienoic hydrocarbon chain can exhibit various kinked
but fully extended conformations; most interestingly, these
kinked conformations are energetically stable (Li and
Huang, 1996). Specifically, the kinked conformation is
characterized by a crankshaft-like topology, and the torsion
angles of the two C-C single bonds located between the two
cis double bonds in the (-CH==CH-CH2-CH=CH-) seg-
ment adopt the skew (+) or skew (-) conformation (Li and
Huang, 1996). The kinked dienoic hydrocarbon chain, with
a As++sA or As-s-A sequence, is able to pack very closely
with neighboring all-trans saturated chains; hence, favor-
able lateral van der Waals contact interactions are ensured
(Li and Huang, 1996). Here s+ and s- represent skew (+)
and skew (-) conformations, respectively; the skew (s)
conformation of a single carbon-carbon bond has a torsion
angle of 1200 + 300; the superscripts in s+ and s- are
defined as (+) and (-) torsion angles. Based on these MM
calculations, one can expect that when mixed-chain phos-
pholipid molecules with sn-I saturated/sn-2 dienoic acyl
chains are packed in the gel-state bilayer at T < Tm, the sn- I
acyl chains, with all methylene units staggering regularly in
a trans (. . . ttt ... ) conformation, and the sn-2 acyl chains,
with kinked (As+s+A or As-s-A) conformations, are most
likely to prevail in the bilayer structure (Li and Huang,
1996).
In this study, rotational isomers (or rotamers) of C(16):
C(18:2A9 12)PE were initially constructed, and they were
then subject to energy minimizations determined with
Allinger's MM3 program. In particular, only the diglyceride
moiety was allowed to undergo energy minimization,
whereas the headgroup was fixed to have the same confor-
mation as that of the C(12):C(12)PE determined in the
presence of acetic acid by x-ray crystallography (Hitchcock
et al., 1974). Initially, eight rotational isomers of the di-
glyceride moiety of C(16):C(18:2A9 12)PE were assigned.
These rotamers were chosen because their sn-I and sn-2
acyl chain axes were nearly parallel (Li and Huang, 1996);
in addition, their sn-2 acyl chains contained no gauche
bonds, so that no large energy expenditures were required
for the formation of these rotamers. In these eight rotamers,
all of the sn-I acyl chains were assigned the same all-trans
conformation. The sn-2 acyl chains of these rotamers, how-
ever, were assigned different conformations, each with a
unique sequence. Specifically, the eight sequences in the
sn-2 acyl chains at the kink or the core sequence (As+s'A
or As-s-A) were as follows: s-(core)s-, s+(core)s-,
s-(core)s+, and s+(core)s+. The selection of s adjacent to
the two ends of the core (As+s+A or As-s-A) was based on
the minimum steric energy of the s conformation as dem-
onstrated by rotating from 180° to - 1800, in 50 increments,
about the C-C single bond adjacent to the core sequence,
using MM calculations (Li and Huang, 1996).
Initially, each crude structure of the diglyceride moiety of
C(16):C(18:2A9" 2)PE rotamers was taken to be identical to
that of the energy-minimized C(16):C(18: lA9)PE (Z-q.
Wang et al., 1994), with the sn-2 acyl chain containing one
of the eight sequences just discussed above. The torsion
angles for t, A, and s were initially taken, before energy
minimization, as 180° (or -180°), 00, and 90°-150°, respec-
tively. The various torsion angles of the headgroup structure
of C(16):C(18:2A9 12)PE, as mentioned earlier, were fixed,
having the same values as those of C(12):C(12)PE obtained
crystallographically. The diglyceride moieties of the eight
C(16):C(18:2A9 12)PE rotamers were then subjected to en-
ergy minimizations by MM calculations. The MM calcula-
tions can yield not only the energy-minimized structure of
each rotamer, but also the steric energy (Es) of the energy-
minimized rotamer. The term Es calculated from Allinger's
MM3 force field contains a combination of many energy
terms, including bond stretching, angle bending, torsion,
nonbonded van der Waals, dipole-dipole, charge-charge,
stretching-bending, bending-torsion, and charge-dipole in-
teraction energies (Allinger et al., 1989). Conceptually, the
steric energy in molecular mechanics is analogous to the
enthalpy in thermodynamics. Hence, the smaller the steric
energy of the rotamer, the more stable the rotamer. The
results of ourMM calculations are presented in Table 1. The
rotamer with a s-As+s+As- sequence in the sn-2 acyl chain
is energetically the most stable conformation (Table 1), and
two projected views of the structure of the most stable
rotamer are graphically presented in Fig. 1, A and B.
Before we specify the structural characteristics underly-
ing the energy-minimized rotamers of C(16):C(18:
2A9 12)PE as listed in Table 1, it is appropriate to mention
first that an energy-minimized structure of the diglyceride
moiety of C(16):C(18:2A9 12)PE has previously been pro-
posed by Applegate and Glomset (1991), in which two
gauche(-) bonds are introduced at the two ends of a
s-As-s-As- sequence in the sn-2 acyl chain. The com-
puter-simulated PE molecule, constructed on the basis of
TABLE 1 Energy-minimized conformations of
C(16):C(18:2A9'12)PE rotamers obtained by MM simulations.
Sequence type (98A A12 aI3 Es
s As+s+As-
s+As+s+As
s As+s+As+
s+As+s+As+
sPAs s-As+
s As-s As-
s As-s-As+
As_ As_
-108.4
109.7
-120.2
118.0
118.7
123.1
-108.3
-114.0
0.6
-1.0
0.3
0.2
0.1
0.1
0.9
0.6
123.4
86.3
115.0
80.7
-119.7
-110.7
-91.6
-77.4
112.1
87.4
90.0
69.5
-117.6
-91.1
-96.1
-74.9
1.0
-0.1
0.8
0.1
0.1
-0.1
0.7
-0.6
-102.5
-118.4
115.8
139.0
117.9
-112.7
124.0
-137.9
-0.25
0.08
0.14
1.01
-0.08
0.12
0.37
0.57
o,, and A' refer to the torsion angles in degree for the single and cis double
bonds, respectively, located at the C(n) position along the sn-2 acyl chain
from the carboxyl end. Es is the steric energy in kcal/mol; the headgroup
of the rotamer has a fixed conformation with torsion angles corresponding
to those of C(12):C(12)PE, which were obtained crystallographically.
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C
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FIGURE 1 Molecular graphics representation of the energy-minimized structure of C(16):C(18:2A9 12)PE together with the calculated value of steric
energy (Es). (A) The low-energy rotamer in which the sn-2 acyl chain has a kink sequence of s-As's'As-, with those torsion angles given in Table 1.
The zigzag plane of the sn-I acyl chain of this low-energy rotamer lies in the paper plane. (B) A different projected view of A, with the zigzag plane of
the sn-I acyl chain lying perpendicular to the paper plane and behind the kinked sn-2 acyl chain. (C) The sn-2 acyl chain has a kinked sequence of
g-s-As-s-As-g-, and the lipid conformation is constructed based on the torsion angles given by Applegate and Glomset (1991). (D) A different projected
view of C. Note that the two cis double-bond axes shown in D are oriented nearly parallel to the long-chain axis of the sn-I acyl chain; however, the steric
energy is extremely high.
published torsion angles by Applegate and Glomset (1991),
is illustrated in two projected views as shown in Fig. 1, C
and D. In one view, the two acyl chain axes are clearly seen to
deviate significantly from the parallel packing (Fig. 1 C); the
steric energy of this structural model (g-s-As-s-As-g-) is
extremely high (778.53 kcal/mol) because of substantial repul-
sive interactions between the two acyl chains. The energy-
minimized structure of the diglyceride moiety of C(16):C(18:
2A9 12)PE proposed by Applegate and Glomset is thus
considerably less stable than those proposed by this work as
summarized in Table 1, including the one shown graphically in
Fig. 1, A and B.
With the exception of the rotamer containing a sequence
of s+As+s+As+, the steric energies of various rotamers of
C(16):C(18:2A9 12)PE shown in Table 1 fall into a narrow
range of -0.25 to +0.57 kcal/mol, suggesting that the C-C
single bonds adjacent to the methylene-interrupted cis dou-
ble bonds are remarkably flexible at room temperature. The
one (s-As+s+As-) with the low energy (-0.25 kcallmol),
however, is present to a larger extent at lower temperatures.
Several structural features are displayed by this low-energy
rotamer of C(16):C(18:2A9 12)PE, as shown in Fig. 1, A and
B. First, the zigzag planes of the two acyl chains are roughly
parallel. This simulated feature is distinctly different from
that of C(16):C(18:2A9 12)PC, which is characterized by two
nearly perpendicular zigzag planes. Second, the MM simu-
lated kink with a crankshaft-shaped topology is in excellent
agreement with the experimentally determined chain motif
obtained with single crystals of linoleic acid by x-ray dif-
fraction (Ernst et al., 1979; Li and Huang, 1996). Specifi-
cally, in the kink region (s-As+s+As-), the two methylene-
interrupted cis double bonds lie in two separate planes that
are nearly perpendicular to each other; however, the two
double-bond axes are parallel to each other. Moreover, the
two double-bond axes are tilted relative to the direction of
the long-chain axis of the sn-I acyl chain (Fig. 1 B). In
contrast, both double-bond directions are parallel to the
long sn-I acyl chain axis in the model structure
(g-s-As-s-As-g-) of C(16):C(18:2A9 12)PE proposed by
Applegate and Glomset (1991), as shown in Fig. 1 D. Third,
the effective chain length of the kinked sn-2 acyl chain is
shortened by about two C-C bond lengths along the long
D
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chain axis in comparison with that of saturated sn-2 acyl
chain in C(16):C(18)PE. The importance of this feature will
become clear when we relate the structural properties of
various dienoic PEs to their gel-to-liquid crystalline phase
transition temperatures (vide post).
Based on the energy-minimized structure of the most
stable C(16):C(18:2A9 12)PE rotamer just described above,
the molecular structure of a given mixed-chain PE with
sn-I saturated/sn-2 cis-diunsaturated acyl chains, C(X):C(Y:
2An'n+3)PE, in the gel-state bilayer may be generalized to
have a common yet flexible s-As+s+As- sequence in the
sn-2 acyl chain; hence the structural characteristics under-
lying different dienoic C(X):C(Y:2An, n+3)PEs can be de-
scribed quantitatively by several structural parameters in
terms of X, Y, and n as follows:
1. The major portion of the dienoic chain, from the point
corresponding to the carbonyl carbon of the sn-I acyl chain
to the methyl terminus of the sn-2 acyl chain, can be
considered to consist of two segments: the upper and lower
segments (US and LS). These two segments are linked by
the olefinic carbon with the largest number or C(n + 4), as
shown in Fig. 2A. In the case of C(18):C(20:2&' 114)PE, for
example, the olefinic carbon atom with the largest number
is C(15); the other three olefinic carbons are C(1 1), C(12),
and C(14).
A >
2. The sn-2 acyl chain is shortened by two C-C bond
lengths along the long-chain axis because of the presence of
methylene-interrupted cis double bonds. If the separation
distance between the two methyl groups of the sn-I and sn-2
acyl chains along the long molecular axis within a saturated
identical-chain C(X):C(X)PE packed in the gel-state bilayer
is ACref, then the effective chain-length difference between
the sn-I and sn-2 acyl chains (AC), in C-C bond lengths, for
a mixed-chain diunsaturated C(X):C(Y:2Al' n+3)PE, is as
follows: AC = X - Y + (ACref + 2). The value of ACref can
be taken to be - 1.5 C-C bond lengths (Huang et al., 1996),
and this leads to AC = X - Y + 3.5 C-C bond lengths, as
illustrated in Fig. 2 A. Based on the value of AC, the lengths
of US and LS, in C-C bond lengths, can be related to n and
Yas follows: LS = Y - (n + 4) and US = X - 1 -AC -
(Y - n - 4) = n - 0.5. These two expressions are also
illustrated in Fig. 2 A.
3. The transbilayer dimer of C(X):C(Y:2A/' n+3)PE at T <
Tm can be constructed from two energy-minimized mono-
mers by aligning the sn-I and sn-2 acyl chains of one
monomer along the same lines as the sn-2 and sn-I acyl
chains of the opposing monomer, respectively. The con-
structed dimer is then subject to energy minimization, and
the resulting structure is used to estimate the thickness of
the hydrocarbon core of the gel-state bilayer, as illustrated
s-i acyl chain
B -N=X+Y-2.5
»4VD
FIGURE 2 Molecular graphics drawings of the monomeric (A) and dimeric (B) structure of C(16):C(18:2A9" 2)PE, illustrating the definitions of various
structural parameters (AC, LS, US, and N) in terms of X, Y, and n.
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in Fig. 2 B for C(16):C(18:2A9 12)PE. The hydrocarbon core
thickness of the gel-state bilayer, N, is the separation dis-
tance between the two carbonyl oxygens of the sn-i acyl
chains in the transbilayer dimer, with an orientation that is
perpendicular to the bilayer surface, as depicted in Fig. 2 B.
The N value, in C-C bond lengths, is related to X and Y as
follows: N = (X - 1) + VDW + (US + LS) = (X - 1) +
3.0 + n - 0.5 + Y - n - 4 = X + Y - 2.5, where VDW
is the van der Waals contact distance between the two
opposing methyl groups from the sn-i and sn-2 acyl chains
(Fig. 2 B). Based on the MM energy-minimized structure of
a transbilayer dimer, the value ofVDW can be calculated to
be 3 C-C bond lengths. Similar structural parameters (AC,
LS, US, and N) have previously been defined for monoenoic
PC and PE (Huang et al., 1996). In this study, however, each
of these four structural parameters is related to X, Y, and n
in a distinctively different way. It should be mentioned that
although four structural parameters (AC, LS, US, and N) are
presented in Fig. 2, A and B, to characterize the hydrocarbon
region of the gel-state bilayer composed of dienoic o6PE,
only three of them in the two sets of (AC, LS, and N)/(AC,
US, and N) are independent. One may select any three
parameters in the two sets to be the independent ones.
Consistent with our earlier selection of AC, LS, and N as
independent structural parameters in characterizing the hy-
drocarbon region of the bilayer composed of monoenoic
lipid molecules with US > LS (Huang et al., 1996), we also
select AC, LS, and N as the three independent structural
parameters for dienoic lipids with US > LS in the present
study. In this case, the value of US is related to AC, LS, and
N as follows: US = 1½2(N - VDW - 2LS - AC) = 1½2(N -
2LS- AC - 3.0).
Differential scanning calorimetry studies
Fig. 3 A shows some representative second DSC heating
curves for aqueous dispersions prepared from C(18):
C(20)PE, C(18):C(20:1A"1)PE, and C(18):C(20:2A'1 '4)PE.
The gel-to-liquid crystalline phase transition peak exhibited
by the lipid sample is observed to downshift and broaden
successively as the number of cis double bonds incorporated
into the sn-2 acyl chain of the lipid molecule is increased
stepwise. Specifically, the magnitude of Tm decreases
sharply from 79.3°C to 39.5°C as the first cis double bond
is introduced into the sn-2 acyl chain between C(1 1) and
C(12), while decreasing continuously to 18.5°C as the sec-
ond cis double bond is incorporated into the sn-2 acyl chain
at the methylene-interrupted position near the methyl end
(Fig. 3 B). The transition enthalpy (AH) is also plotted in
Fig. 3 B as a function of the number of cis double bonds,
which shows that like the Tm value, the AH value decreases
as the number of cis double bonds increases.
The phase transition behavior of a second series of C(20):
C(18)PE, C(20):C(18:1A9)PE, and C(20):C(18:2A9 12)PE
constituting the vesicular bilayers in the aqueous dispersion
was also investigated by DSC. These lipids are the posi-
tional isomers of the first series shown in Fig. 3 A. As
A
FIGURE 3 (A) Representative sec-
ond DSC heating curves for aqueous
dispersions of C(18):C(20)PE, C(18):
C(20:1/ ")PE, and C(18):C(20:
2A'114)PE. (B) The Tm and AH val-
ues obtained from the gel-to-liquid
crystalline phase transition peaks
shown in A are plotted as a function
of the number of cis double bonds in
the sn-2 acyl chain.
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shown in Fig. 4, A and B, a strikingly large reduction in Tm,
from 75.8°C to 33.9°C, is discernible as the first cis double
bond is incorporated into the sn-2 acyl chain between C(9)
and C(10). The incorporation of a second methylene-inter-
rupted cis double bond near the chain terminus further
decreases the magnitude of Tm down to 7.2°C. Similarly, the
enthalpy change (All) associated with the gel-to-liquid crys-
talline phase transition also decreases successively as the
number of cis double bonds in the sn-2 acyl chain in-
creases stepwise from 0 to 1 and then to 2, as shown in
Fig. 4 B.
We have further investigated calorimetrically the gel-to-
liquid crystalline phase transition behavior of three series of
methylene-interrupted C(X):C(Y:2w6)PE. These three series
of C(X):C(Y:2w6)PEs are C(X):C(18:2A9 12)PE, C(X):C(20:
2A 1'14)PE, and C(X):C(22:2A13'16)PE, where the numbers
of carbon atoms in the saturated sn-I acyl chain, C(X), are
16, 18, 20, 22, and 24; hence there are 15 different lipid
species in these three series of dienoic co6PE. It should be
noted that all of these co6PEs have the same common length
of LS or the lower segment of the kinked sn-2 acyl chain,
which is 5 C-C bond lengths. To demonstrate that the
bilayers composed of each of these C(X):C(Y:2co6)PE spe-
cies are able to exhibit discernibly the gel-to-liquid crystal-
line phase transitions, the second DSC heating scans ob-
tained with the five different lipid species of C(X):C(20:
2A' "'4)PE are depicted in Fig. 5 as the representative ones.
The thermodynamic parameters of the gel-to-liquid crystal-
line phase transition of the bilayers composed of these three
series of dienoic co6PE are summarized in Table 2.
DISCUSSION
In this study, two interesting findings are observed for
bilayers composed of C(X):C(Y:2co6)PE. First it is observed
that the magnitude of the gel-to-liquid crystalline phase
transition temperature of the dienoic PE constituting the
vesicular bilayers in the aqueous dispersion is significantly
smaller than that of the saturated or monounsaturated coun-
terpart (Figs. 3 and 4). The basis for this large Tm-lowering
effect will be discussed initially in this section. Second, the
hydrocarbon region of the bilayer prepared from each of the
15 molecular species of C(X):C(Y:2w6)PE is characterized
by three structural parameters (N, AC, and LS), which are
intrinsic quantities with a common unit of C-C bond
lengths; however, the value of one parameter (LS) is shared
by all lipid species (Table 2). Moreover, the lipid bilayer
composed of a single component of C(X):C(Y:2co6)PE dis-
plays a unique Tm value (Table 2). We shall codify in this
section all Tm values exhibited by these 15 molecular spe-
cies of C(X):C(Y:2c6)PE in terms of their respective N and
AC values, and then derive a general equation to correlate
the Tm value with the two structural parameters. Because the
N and AC values are defined in terms of X, Y, and n for a
given C(X):C(Y:2w6)PE, the derived general equation can
thus be used to predict the Tm value for any w6 lipid species
of C(X):C(Y:2An,n+3)PE with known X, Y, and n values.
Based on the experimental data shown in Figs. 3 and 4, it
is evident that as a given number of cis double bonds is
incorporated into the sn-2 acyl chain of PE, a considerably
lower phase transition temperature (Tm) associated with the
A
FIGURE 4 (A) Representative sec-
ond DSC heating curves for aqueous
dispersions of C(20):C(18)PE, C(20:
C(18:1 A9)PE, and C(20):C(18:
A9'12)PE. (B) The Tm and AH values
obtained from the gel-to-liquid crys-
talline phase transition peaks shown
in A are plotted against the number of
cis double bonds in the sn-2 acyl
chain.
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FIGURE 5 Representative second DSC heating curves of C(X):C(20:
2A1 "'4)PE. It should be noted that the gel-to-liquid crystalline phase
transition peak shifts upward along the temperature or x axis with increas-
ing chain length in the sn-I acyl chain. The values of Tm and AH associated
with these gel-to-liquid crystalline phase transition curves are summarized
in Table 2.
gel-to-liquid crystalline phase transition is exhibited by the
bilayer. Our MM simulation studies have shown that the
presence of two methylene-interrupted cis double bonds in
the sn-2 acyl chain can kink the long acyl chain and thus
affects the closest lateral lipid-lipid interaction; moreover,
the sn-2 acyl chain at T < Tm is capable of fluctuating
among numerous conformations with nearly identical steric
energies, as shown in Table 1, because of the intrinsic
flexibility of the C-C single bonds adjacent to the methyl-
ene-interrupted cis double bonds. Consequently, the overall
lateral chain-chain contact interactions in the gel-state bi-
layer composed of unsaturated dienoic lipids are reduced.
The decrease in Tm may, therefore, be taken to reflect the
loss of stabilization energy of the gel-state bilayer due to the
presence of cis double bonds, and this loss in free energy of
stabilization is most likely enthalpic. A general and very
important conclusion drawn from our experimental and
computational studies can be stated as follows: the marked
reduction in Tm after the first and the second cis double
bonds are incorporated into the lipid's sn-2 acyl chain can
be attributed to a stepwise increase in Gibbs free energy of
TABLE 2 The thermodynamic and structural parameters of
C(:C(Y:2w6)PE
C(X):C(Y:2to6)PE N US LS AC 7TbS AH AS 7TCa ATm
C(16):C(18:2A9" 2)PE 31.5 8.5 5 1.5 -1.6 -
-
-1.8 0.2
C(18):C(18:2A9" 2)PE 33.5 8.5 5 3.5 4.4 3.3 1.1
C(20):C(18:2A9"2)PE 35.5 8.5 5 5.5 7.2 -3.1 11.1 7.2 0.0
C(22):C(18:2A9 2)PE 37.5 8.5 5 7.5 8.6 -3.5 12.5 10.0 -1.4
C(24):C(18:2A9" 2)PE 39.5 8.5 5 9.5 11.2 -3.9 13.7 12.1 -0.9
C(16):C(20:2A' "4)PE 33.5 10.5 5 -0.5 13.0 3.4 11.9 14.4 -1.4
C(18):C(20:2A"'"4)PE 35.5 10.5 5 1.5 18.5 3.9 13.4 18.3 0.2
C(20):C(20:2A""4)PE 37.5 10.5 5 3.5 22.2 4.5 15.2 21.1 1.1
C(22):C(20:2A"'4)PE 39.5 10.5 5 5.5 23.8 5.0 16.8 23.2 0.6
C(24):C(20:2A"' 4)PE 41.5 10.5 5 7.5 25.6 5.3 17.7 24.5 1.1
C(16):C(22:2A1'3"16)PE 35.5 12.5 5 -2.5 29.6 -4.3 14.2 29.4 0.2
C(18):C(22:2A'3"16)PE 37.5 12.5 5 -0.5 31.5 -4.9 16.1 32.2 -0.7
C(20):C(22:2A'3'16)PE 39.5 12.5 5 1.5 34.3 -5.4 17.6 34.3 0.0
C(22):C(22:2A'3"16)PE 41.5 12.5 5 3.5 35.7 5.6 18.1 35.6 0.1
C(24):C(22:2A1'3 '6)PE 43.5 12.5 5 5.5 35.7 -5.8 18.9 36.2 -0.5
N, US, LS, and AC are the four structural parameters described in the text;
they have a common unit of carbon-carbon bond lengths. TobS and Tcal are
the experimentally observed and calculated gel-to-liquid crystalline phase
transition temperatures in °C, respectively. AH (in kcal/mol) is the transi-
tion enthalpy obtained calorimetrically. AS (in cal/mol * K) is a calculated
value obtained from the relationship AS = AHITbf, by assuming the
transition to be a first-order transition. ATm is the difference between TMS
and Tcma'.
the gel-state bilayer as a result of progressive weakness of
the lateral chain-chain interactions.
Next we turn our attention to the experimental and com-
putational data presented in Table 2. First, it is important to
note that the LS values for all 15 lipid species under study
are identical. Hence, only two independent structural pa-
rameters are needed to characterize the hydrocarbon region
in the bilayer composed of each of these C(X):C(Y:
2A/nn+3)PE molecules. We can further identify three sets of
dienoic PE, each with a common AC value but different N
values. Within each set, the gel-to-liquid crystalline phase
transition temperature, Tm, increases with increasing N, and
a linear curve with a negative slope is obtained when the Tm
is plotted against 1/N (Fig. 6 A). Next, we can identify
another three sets of dienoic PE in Table 2, each with a
constant N value but variable AC. A linear curve with a
negative slope is also seen for each set of the identified
lipids, when Tm is plotted against AC (Fig. 6 B). Based on
these linear relationships shown in Fig. 6, A and B, it is
possible to formulate a general expression to correlate the
Tm with both structural parameters (N and AC) as follows:
Tm = ao- al(I/N) - a2(AC) (1)
where the negative signs in the second and third terms on
the right-hand side of Eq. 1 reflect the negative slopes seen
in the linear curves in Fig. 6, A and B. When experimental
Tm values and the computational data (N, AC) obtained with
the 15 respective lipid species shown in Table 2 are substi-
tuted individually into Eq. 1, the resulting 15 simultaneous
equations can be analyzed statistically by multiple regres-
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FIGURE 6 (A) The plot of Tm versus 1/N for three sets of C(X):C(Y:
2cw6)PE, each with a constant AC value. The X and Y values of C(X):C(Y:
2cw6)PE are indicated as X/Y ratios next to the data points. (B) The plot of
Tm versus AC for three sets of C(X):C(Y:2w6)PE, each with a constant
N value. All of the experimental and computational data are taken from
Table 2.
sion method to obtain the coefficients (ao, a,, and a2) in
Eq. 1. We obtain
Tm = 180.48 - 5611.11 (1/N) - 2.78 (AC) (2)
with a correlation coefficient of 0.9977 and a root-mean-
square error of 0.8081. Based on Eq. 2, the calculated Tm
values for the 15 dienoic PEs under study can be generated,
and they are presented in Table 2 under Tm . Clearly, the
value of Tmal agrees well with the experimentally observed
Tobs value. The largest difference between Tcal and T obs is
1.4°C for C(22):C(18:2A9' 12)PE and C(16):C(20:
2A1 1"4)PE, which amounts to a relative change of -0.5%
(in Kelvins).
Equation 2 is a most simple form of mathematical ex-
pression, in which the two structural parameters, N and AC,
are clearly seen to work against each other. Specifically, the
gel-to-liquid crystalline phase transition temperature in-
creases with increasing N, while decreasing as AC in-
creases. Similar equations relating Tm to N and AC have
been derived previously for saturated and monounsaturated
PC and PE (Huang et al., 1993, 1994, 1996). Taken to-
gether, these equations define a most important concept: the
unique Tm value of the bilayer composed of single-compo-
nent phospholipids is fundamentally the net result of a
delicate balance between the positive effect of N and the
negative effect of AC when the third structural parameter
(US or LS) is missing or invariable, and the antagonistic
effect between N and AC operates regardless of the chem-
ical nature of the lipid's headgroup.
The usefulness of Eq.2 lies in the fact that it can be
employed to predict the unknown value of Tm associated
with the gel-to-liquid crystal line phase transition for the
bilayer composed of a given species of C(X): C(Y:2w6) PE.
It is not uncommon that lipid bilayers composed of unsat-
urated lipids may exhibit Tm values that are too low to be
determined experimentally by high-resolution DSC. Equa-
tion 2 can thus be of practical use in this regard. However,
it should be remembered that the predicted Tm value as
shown in Table 2 can have an upper-limit error of ± 1.4°C.
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